
Group B Streptococcus Vaginal Carriage in Pregnant Women as
Deciphered by Clustered Regularly Interspaced Short
Palindromic Repeat Analysis

Clemence Beauruelle,a,b,c Adeline Pastuszka,a,b,c Laurent Mereghetti,a,b,c Philippe Lanottea,b,c

aUniversité François Rabelais de Tours, UMR1282 Infectiologie et Santé Publique, Tours, France
bINRA, UMR1282 Infectiologie et Santé Publique, Nouzilly, France
cCHRU de Tours, Service de Bactériologie-Virologie, Tours, France

ABSTRACT We evaluated the diversity of group B Streptococcus (GBS) vaginal car-
riage populations in pregnant women. For this purpose, we studied each isolate
present in a primary culture of a vaginal swab using a new approach based on clus-
tered regularly interspaced short palindromic repeats (CRISPR) locus analysis. To
evaluate the CRISPR array composition rapidly, a restriction fragment length poly-
morphism (RFLP) analysis was performed. For each different pattern observed, the
CRISPR array was sequenced and capsular typing and multilocus sequence typing
(MLST) were performed. A total of 970 isolates from 10 women were analyzed by
CRISPR-RFLP. Each woman carrying GBS isolates presented one to five specific “per-
sonal” patterns. Five women showed similar isolates with specific and unique restric-
tion patterns, suggesting the carriage of a single GBS clone. Different patterns were
observed among isolates from the other five women. For three of these, CRISPR lo-
cus sequencing highlighted low levels of internal modifications in the locus back-
bone, whereas there were high levels of modifications for the last two women, sug-
gesting the carriage of two different clones. These two clones were closely related,
having the same ancestral spacer(s), the same capsular type and, in one case, the
same ST, but showed different antibiotic resistance patterns in pairs. Eight of 10
women were colonized by a single GBS clone, while two of them were colonized by
two strains, leading to a risk of selection of more-virulent and/or more-resistant
clones during antibiotic prophylaxis. This CRISPR analysis made it possible to sepa-
rate isolates belonging to a single capsular type and sequence type, highlighting the
greater discriminating power of this approach.
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Streptococcus agalactiae, or group B Streptococcus (GBS), is a major pathogen in
human medicine, particularly in neonatology, where this bacterium is still the

leading cause of invasive infections in industrialized countries (1). Prevention of neo-
natal infection associated with GBS requires the detection of vaginal carriage in
pregnant women, followed by intrapartum antibiotic prophylaxis for those colonized (2,
3). Indeed, GBS colonizes the gastrointestinal and genital tracts of 10 to 30% of healthy
women (4–6).

GBS isolates were initially distinguished on the basis of differences in capsular
polysaccharides (CPS), leading to the definition of 10 different serotypes (Ia, Ib, and II
to IX) (7, 8). While this typing method highlighted pathogenicity differences among
serotypes (serotype III GBS strains are strongly associated with neonatal invasive
infections [9, 10]), it was suboptimal in its discriminatory capacity for studying the
epidemiology of GBS infection. Thus, several higher-throughput and higher-resolution
subtyping methods were developed, such as multilocus sequence typing (MLST) and
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multilocus variable-number tandem repeat (VNTR) analysis (MLVA) (11–13). Based on
the combination of alleles for seven housekeeping genes, MLST defines sequence types
(ST), which can be clustered in clonal complexes (CC) when six of the seven alleles are
common. Based on the number of repeats at each of the 6 VNTR loci, MLVA defines a
profile consisting of a series of allele numbers.

Clustered regularly interspaced short palindromic repeats (CRISPR) loci consist of
short (25- to 40-bp) direct repeats (DR) that are highly conserved within a given CRISPR
array, interspaced by various sequences of similar size, called spacers, which are derived
from foreign genetic elements. CRISPR and CRISPR-associated (Cas) proteins form the
CRISPR-Cas system, which provides defense against mobile genetic elements (MGE)
such as phages or plasmids (14). This immune system is adaptive and confers specific
and acquired immunity based on short nucleic acid sequence integration from the
invaders. A core feature of the CRISPR-Cas system is the ability to acquire a novel spacer
in a specific manner at the leader end of the locus, indicating exposure to invasive
elements over time. Spacers at the leader end were recently acquired and provide
insight into recent MGE exposure. In contrast, ancestral spacers at the trailer end of the
CRISPR array provide information about the phylogenetic lineage and are correlated
with phylogenetic groups defined by other typing methods. For bacterial phylogenetic
analysis, CRISPR-based typing appears to be a practical and powerful alternative
(15–17). Subtyping using CRISPR has been employed for other bacterial species such as
Yersinia and Salmonella (18, 19). In GBS, a type II-A system, associated with the CRISPR1
locus, is ubiquitous and functional. The similarity between CRISPR1 spacer sequences
and MGE sequences has been previously emphasized (20, 21). Comparative sequence
analysis across numerous isolates has revealed that this locus is extremely diverse and
evolves in vivo, reflecting the dynamics of the system (20–22).

The aim of this study was to determine the homogeneity of GBS populations in
pregnant women at the time of their GBS screening. For this purpose, we used an
original approach based on a CRISPR array study to analyze all the isolates present in
a primary culture from a vaginal swab. To rapidly evaluate the composition of the
spacers, we screened isolates by restriction fragment length polymorphism (RFLP) of
the CRISPR1 array and, when different restriction patterns were obtained, CRISPR1 loci
were sequenced and isolates typed using the most common GBS typing methods
(capsular typing and MLST). This method enabled us to compare numerous isolates and
to target potentially different clones with the high discriminatory power of CRISPR
analysis.

MATERIALS AND METHODS
Bacterial isolates. Isolates were collected between July and September 2016 from the department

of obstetrics, gynecology, and fetal medicine of the Tours University Hospital, Tours, France. We
randomly selected vaginal swabs from 10 pregnant women. GBS specimen collection was conducted
during the late third trimester (35 to 37 weeks’ gestation), observing the French recommendations on
screening for GBS carriage (2). The protocol was reviewed and approved by the Ethics Committee in
Human Research of the University Hospital Center of Tours (Tours, France). We selected plates with at
least 20 and up to 200 isolates for practical reasons. Each swab was spread on a selective agar plate
(group B Streptococcus differential agar, Granada medium; BD) and incubated for 18 to 48 h at 35 � 2°C
under anaerobic conditions according to the manufacturer’s recommendations. Bacterial identification
was based on growth and orange pigment formation on Granada agar and confirmed by matrix-assisted
laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS; Microflex; Bruker Dalton-
ics). Each isolate present on the agar plate was reisolated and stored at �80°C for the duration of the
study and grown secondarily on TSH agar (Trypticase soy agar supplemented with 5% horse blood;
bioMérieux).

DNA extraction. Genomic DNA was extracted following enzymatic lysis with mutanolysin (Sigma). A
bacterial suspension of 1.5 McFarland standard was prepared in 250 �l water containing 25 U of
mutanolysin. The suspension was incubated at 56°C for 1 h, followed by 10 min at 100°C, leading to cell
lysis. Lysates were centrifuged at 1,500 � g for 3 min, and the DNA-containing supernatants were
collected.

CRISPR1 locus amplification. CRISPR1 locus amplification was performed in a T3000 thermocycler
(Biometra) using CRISPR1 SEQ-F and CRISPR1 SEQ-R primers targeting the CRISPR1-flanking regions, as
previously described (20). PCR amplification was performed in a total volume of 25 �l, containing 0.5 �M
each primer, 0.2 �M deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl2, 0.02 U/�l Go Taq polymerase
(Promega), 1� PCR buffer, and 1 �l extracted DNA. The PCR mixtures were heated to 94°C for 5 min,
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followed by 40 cycles of a denaturation step at 94°C for 30 s, an annealing step at 58°C for 30 s, and an
elongation step at 72°C for 3 min, ending with a final extension step at 72°C for 10 min. PCR amplification
was verified by electrophoretic migration in a 1% agarose gel. If amplification did not enable us to restrict
the PCR product due to low signal intensity, isolates were amplified using internal primers designed after
sequencing and covering the entire CRISPR1 locus (Table 1). Indeed, for these CRISPR arrays, two
amplifications were necessary, one targeting the 5= end and one targeting the 3= end of the locus.

RFLP. Restriction enzymes were selected using NEBcutter V2.0 (http://nc2.neb.com/NEBcutter2/)
based on previously sequenced CRISPR1 arrays. We selected two enzymes with three or four cutters for
most of the CRISPR1 arrays tested: DdeI and MnlI. Restriction was performed separately for each enzyme
in a T3000 thermocycler (Biometra) according to the manufacturer’s recommendations. Restriction
products were analyzed by electrophoretic migration in a 1.5% agarose gel. For isolates with CRISPR1
arrays showing different sizes and/or different patterns by RFLP, the CRISPR1 locus was sequenced; MLST
and capsular typing were performed.

CRISPR1 locus sequencing and analysis. CRISPR1 locus sequencing was performed as previously
described (20). Primers targeting internal spacers were required to complete the sequencing of the PCR
products for CRISPR1 regions exceeding 1.3 kb (Table 1).

DNA sequences were analyzed and assembled using the BioEdit sequence alignment editor version
7.2.5 (http://www.mbio.ncsu.edu/bioedit/bioedit.html). Spacers, repeats, and flanking regions for each
sequence were determined using a macro-enabled Excel tool (kindly provided by P. Horvath, DuPont).
This application was used to identify and extract CRISPR features from nucleotide sequences and
provided graphic representations of spacers as colored cells in Excel spreadsheets. Spacer sequences
were compared to the previously established dictionary of spacers (20). New spacers identified in this
study expanded the dictionary and were numbered incrementally. The spacer dictionary is available
online (http://crispr.i2bc.paris-saclay.fr/CRISPRcompar/Dict/Dict.php).

MLST and capsular typing. MLST was carried out as previously described (12). Allelic profiles and
ST were assigned using the international MLST database (http://pubmlst.org/sagalactiae/). Clonal com-
plexes were defined using eBurst analysis (http://eburst.mlst.net/v3/mlst_datasets/) (23). Capsular type
identification was performed using PCR multiplex assays as described previously (24).

Antibiotic susceptibility testing. Susceptibility to antibiotics was tested and interpreted according
to the 2016 EUCAST guidelines using a standardized disk diffusion method (http://www.eucast.org/
clinical_breakpoints/). We tested the following 14 antibiotics in an MHF medium (Mueller-Hinton agar,
5% horse blood, 20 mg/liter �-NAD): benzylpenicillin (1 unit), ampicillin (2 �g), norfloxacin (10 �g),
levofloxacin (5 �g), erythromycin (15 �g), lincomycin (15 �g), pristinamycin (15 �g), gentamicin (500 �g),
tetracycline (30 �g), rifampin (5 �g), trimethoprim-sulfamethoxazole (1.25 to 23.75 �g), vancomycin (5
�g), teicoplanin (30 �g), nitrofurantoin (100 �g). To confirm the differences in antibiotic susceptibility
observed by disk diffusion, MICs were determined for some isolates by Etest (bioMérieux) for erythro-
mycin and clindamycin.

RESULTS
Population studied. A total of 970 isolates were recovered from 10 GBS-colonized

women during their last month of pregnancy. The average age of the cohort was 31
years at sampling time (median, 31 years; minimum, 25 years; maximum, 38 years).
Vaginal swabs were taken from each woman and rapidly seeded to agar plates. All GBS
isolates present on these plates were then analyzed. An average of 97 isolates per
woman was considered (median, 108; minimum, 20; maximum, 164) (Table 2), illustrat-
ing differences in bacterial carriage density.

Culture morphology. No phenotypic differences were observed between isolates
from any given woman except for one (woman 10), from whom 125 isolates were
present on the plate. Among them, 33 isolates were more pigmented on Granada
selective agar and more hemolytic on blood agar than the other 92 isolates. These

TABLE 1 Primers used for amplification and sequencing

Oligonucleotide name
Used for:
(patient IDa/isolate) Sequence (5=¡3=)

CRISPR1 seq-F All patients and isolates GAAGACTCTATGATTTACCGC
CRISPR1 seq-R All patients and isolates CAGCAATCACTAAAAGAACCAAC
Sp803F W1/All isolates TCTAATGTATACTGTAACTGAGGCAG
Sp504F W4/All isolates TTTATCCCTAGTAGGTT
Sp539F W8/A2 TCTAAGTGCTCGACCATC
Sp8R W8/A2 TATCCATCTCGGTGAGATGAGAATTAGCTT
Sp31R W1/All isolates ATCAGTACCAACAAATGATTTTGTACCATC
Sp36R W3/All isolates ACATATCCTTTTGTTAGGTCAAAAGAAGAT
Sp177R W9/All isolates AGTTACTGTTGAGGGTAGTCC
275F W3/All isolates ACAGACAAAGAAGATGGCAAG
aPatients are identified by “W” followed by a number, i.e., W1 is woman 1.
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observed colony pigmentation differences may be explained by the level of production
of the orange carotenoid pigment, which is tightly regulated.

CRISPR1 amplification and RFLP analysis. For 922 isolates, amplification was
performed using CRISPR1 seq-F and CRISPR1 seq-R primers. For 48 isolates from one
woman (woman 3), DNA was amplified using internal primers due to low signal
intensity. Indeed, two amplifications were necessary for these isolates, and restriction
was performed for the two amplicons (96 PCR products, 192 restrictions). CRISPR1 locus
sizes were evaluated after PCR amplification and compared for each isolate from the
same woman. For 5 of the 10 women, all isolates presented a CRISPR1 locus of the same
size (women 2, 4, 5, 6, and 7). For the other five women, a difference in CRISPR1 locus
size was observed. Differences were observed for 1% (two isolates, woman 1) to 35%
(seven isolates, woman 8) of isolates.

For each isolate, we performed a CRISPR-RFLP with the restriction enzymes DdeI and
MnlI. The two restrictions proceeded and were analyzed separately. The resulting
restriction fragments were separated according to length by gel electrophoresis.
Among all the GBS isolates, a total of 18 different gel band patterns were detected by
CRISPR-RFLP. All women studied carried one to five GBS isolates with specific gel band
patterns. Each gel band pattern was specific to the isolates from a given woman.

For five women, no differences were observed after CRISPR enzymatic restriction
(Table 2). In contrast, different restriction patterns were observed for isolates from the
other five women: minor patterns represented 1% (2/164 isolates, woman 1) to 35%
(7/20 isolates, woman 8) of all isolates. The two enzymes used detected the same
differences. For four of these five women, only two patterns were observed, suggesting
the presence of two different clones. For the last woman (woman 9), five patterns were
observed, suggesting the presence of five different clones. Nonetheless, for all women,
one clone was predominant, representing at least 65% of isolates.

Sequencing. All CRISPR1 loci showing different restriction patterns were sequenced
and analyzed (18 isolates, 10 women) (Fig. 1). Each woman carried GBS, characterized
by a specific CRISPR array. For three of the five women whose isolates showed CRISPR
variations by CRISPR-RFLP (women 1, 3, and 9), variations concerned a single CRISPR
type. Indeed, spacers were acquired or deleted in the middle part of the locus, whereas
ancestral and more recently acquired spacers were conserved. For woman 1, isolates
presented a CRISPR1 locus with one repetition of seven spacers in 99% of isolates
(162/164) and two repetitions in 1% of isolates (2/164, e.g., isolates W1 E2). For woman
3, the differences in restriction patterns were due to a middle locus deletion of three
spacers for one isolate (isolate W3 C6). For woman 9, four isolates presented a middle
locus deletion of one (isolate W9 F1), two (isolates W9 A2), or 14 (isolates W9 A4 and
W9 A5) spacers (Fig. 1). For two of the five women with different CRISPR-RFLP, isolates
had two different CRISPR types (women 8 and 10). The CRISPR1 locus, however,

TABLE 2 Characteristics of the cohort study and results of CRISPR-RFLP using DdeIa

Woman ID
(age in yr) No. of isolates

No. of isolates (%) with pattern no.:

1 2 3 4 5

W1 (35) 164 162 (99) 2 (1)
W2 (34) 130 130 (100)
W3 (32) 48 47 (98) 1 (2)
W4 (27) 64 64 (100)
W5 (25) 144 144 (100)
W6 (26) 121 121 (100)
W7 (28) 60 60 (100)
W8 (32) 20 13 (65) 7 (35)
W9 (38) 97 92 (95) 2 (2) 1 (1) 1 (1) 1 (1)
W10 (29) 125 92 (74) 33 (26)
aA total of 970 isolates were studied. Each pattern was specific for a given woman. Five women carried GBS
isolates with a single pattern. The other five carried GBS isolates with several patterns (up to five different
patterns). The same distribution was observed with MnlI.
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presented common ancestral spacer(s) among all isolates (four [woman 8] and one
[woman 10]).

Antibiotic susceptibility testing. Antibiotic susceptibility profiles were determined
for the two women with different CRISPR type isolates as a supplementary phenotypic
character. Various susceptibilities were observed for the two clones. Isolates from
woman 8 were resistant to erythromycin and susceptible to lincomycin (inhibition zone
diameters, 17 mm and 29 mm, respectively; erythromycin MIC, 1 mg/liter; clindamycin
MIC, 0.125 mg/liter) for the major clone, whereas the minor clone was resistant to both
erythromycin and lincomycin (inhibition zone diameter, 7 mm for both; erythromycin
MIC, �256 mg/liter; clindamycin MIC, �256 mg/liter). Concerning woman 10, isolates
were resistant to both erythromycin and lincomycin (inhibition zone diameters, 17 mm
and 15 mm, respectively; erythromycin MIC, 4 mg/liter; clindamycin MIC, 0.125 mg/liter)
for the major clone and susceptible to both erythromycin and lincomycin (inhibition
zone diameters, 28 mm and 30 mm, respectively; erythromycin MIC, 0.064 mg/liter;
clindamycin MIC, 0.064 mg/liter) for the minor clone.

Capsular typing and MLST. Capsular typing and MLST were performed for each
isolate showing a different CRISPR-RFLP pattern (Fig. 1). Among isolates belonging to
the 12 different CRISPR types, 10 could not be distinguished by capsular typing (isolates
from women 1, 2, 5, and 6 and the two CRISPR types isolated from woman 10 [type Ia];
from women 7 and 9 [type II] and the two CRISPR types isolated from woman 8 [type
V]). Six could not be distinguished by MLST (isolates from women 1 and 5, which shared
the same ST, ST23; isolates from woman 7 and from the minor clone from woman 10,
sharing ST28, and the two CRISPR types isolated from woman 8 with the same ST, ST1).
All isolates from a given woman presented the same capsular type and the same ST,
except those from woman 10, which presented two different STs among all isolates
tested (Fig. 1).

Most isolates belonged to capsular types Ia (five women, corresponding to 684
isolates) and II (two women, corresponding to 154 isolates). Capsular types Ib, III, and

FIG 1 Spacer composition of CRISPR1 arrays for GBS isolates from 10 women. Only one array is represented by different patterns observed after RFLP. The
CRISPR1 arrays are represented using a macro-enabled Excel tool whereby spacers are converted into two-color symbols based on the spacer sequence. Gaps
(indicating missing spacers) are shown with a boxed “�” symbol after alignment of identical spacers between strains of the same group. Terminal direct repeats
(TDRs) are represented by different color borders according to their sequence. The leader sequence (L) is represented by its last two nucleotides. For each
woman, the main CRISPR array was represented first. Each woman presented a specific CRISPR array. Three of the 10 women carried isolates belonging to a
single CRISPR type with internal modification of the CRISPR1 array (women 1, 3, and 9). Two of the 10 women carried isolates with different CRISPR1 arrays,
indicating the presence of two clones (women 8 and 10).
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V, respectively, were isolated from the three other women, corresponding to 132
isolates. Concerning MLST analysis, isolates belonged to CC23 for three women
(women 1 and 5 [ST23] and woman 6 [ST24], corresponding to 429 isolates), to CC10
for three women (women 2 [ST12], 3 [ST8], and 9 [ST569], corresponding to 272
isolates), to CC19 for three women (woman 7 and a minor clone from woman 10 [ST28]
and woman 4 [ST19], corresponding to 157 isolates), and CC1 for two women (woman
8 [ST1] and a major clone from woman 10 [ST4], corresponding to 112 isolates).

DISCUSSION

The objective of our study was to explore GBS phylogenetic diversity in a vaginal
population taken from pregnant women at the time of their screening, specifically at
the end of pregnancy. Given the previous data on CRISPR typing analysis (21, 22), the
strategy used was based on CRISPR array analysis. We developed an original approach
to compare CRISPR composition based on a CRISPR-RFLP analysis to screen GBS
isolates, followed by sequencing and analysis of the CRISPR array.

In our study, GBS carriage in pregnant women was divided into three categories
based on CRISPR1 locus diversity. For one-half of the women (women 2, 4, 5, 6, and 7),
all isolates shared the same CRISPR1 locus, demonstrating homogenous carriage.

In the second category, isolates shared a CRISPR1 locus with the same backbone
(women 1, 3, and 9), but some isolates had a CRISPR array with some minor variations.
These internal CRISPR1 locus modifications were spacer deletions (women 3 and 9) or
duplications (woman 1). This phenomenon appeared rarely and was probably the result
of slipped misalignment during DNA replication or homologous recombination (20, 22,
25). This phenomenon concerned up to 5% of isolates (woman 9), with various numbers
of spacers (1 to 14 spacers) but never the spacers located at the CRISPR1 array
extremities. Thus, the CRISPR locus appears to evolve in vivo mainly through the loss
and acquisition of internal spacers. These first two categories consisted of the same
type of CRISPR isolates, which probably belonged to the same clone. The same capsular
type and the same ST also point to the fact that these were a single clone.

In the latter category, GBS isolates for women 8 and 10 displayed two different
CRISPR types. Two clones coexisted with proportions of 65% to 35% (woman 8) and
74% to 26% (woman 10). In this group, the two clones from each woman shared
similarities among ancestral spacers: four for woman 8 and one for woman 10.
Moreover, for woman 8, the two clones detected shared the same serotype (serotype
V) and the same ST (ST1), suggesting a common ancestor. For woman 10, the two
clones belonged to two different STs (ST4 and ST28), though both were from serotype
Ia. Although we analyzed isolates from a small number of women, we observed the
favoring presence of a phylogenetic lineage between GBS clones carried simultane-
ously, as previously suggested by minor differences in pulsed-field gel electrophoresis
(PFGE) patterns (�2 bands) (26). We can hypothesize that a specific vaginal environ-
ment promoted the development of these lineages. To our knowledge, no link between
phylogenetic group and vaginal environment has been described. However, the “co-
carriage” of several clones might represent an advantage for improving adaptation and
virulence by genetic exchange, even more so with closely related clones, which could
promote horizontal gene transfer (27–30). Moreover, bacteriophages may modify the
equilibrium between several clones, eventually leading to the elimination of some of
them according to the S. agalactiae CRISPR-Cas system present in the phage-infected
isolate. For women 8 and 10, the two clones presented phenotypic differences in
hemolytic activity and antimicrobial susceptibilities (GBS isolates from woman 10) and
in antimicrobial susceptibilities (GBS isolates from woman 8). We note that genetic
diversity was not linked to richness of carriage. For woman 8, who carried two clones
simultaneously, only 20 isolates were obtained on the agar plate, whereas 125 isolates
were present for woman 10.

Although clonal diversity was limited for each individual person, it was high for the
entire cohort. Each woman presented a “personal” profile of GBS carriage strains.
Nevertheless, the study was conducted on just 10 women. In contrast, the previously
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described PFGE and randomly amplified polymorphic DNA (RAPD) analyses failed to
distinguish profiles for some isolates from different women (26, 31, 32). In our study, the
CRISPR-RFLP approach appears to be more discriminant than serotyping and MLST.
Among the 12 different CRISPR types, 10 and 6 isolates could not be distinguished by
capsular typing and MLST, respectively (Fig. 1).

The isolates studied belonged to five different capsular types (Ia, Ib, II, III, V) and to
four CCs (CC23, CC10, CC19, and CC1). These serotypes are widely represented and
account for more than 90% of GBS isolates worldwide (12, 33–36). Serotype Ia was
particularly frequent (present in one-half of the women), whereas serotype III, associ-
ated with CC17, which is one of the most prevalent serotypes in carriage among
pregnant women, was isolated for just one woman (37–39). This could be explained by
the limited number of women studied and the selection of plates with intermediate to
heavy carriage (at least 20 isolates), while serotype III isolates appear to be involved in
“light” vaginal carriage mainly (37). Concerning MLST analysis and CC clustering, the
isolates belonged to four CCs (CC23, CC10, CC19, and CC1), which are the predominant
CCs among colonizing strains during pregnancy (35, 36). No ST17 strains (associated
with serotype III) were isolated (12, 33, 34).

The three typing methods used in our study (capsular typing, MLST, and CRISPR
typing) showed that the GBS population was relatively uniform in all the women
examined, with the same capsular type for each carrier, the same ST for all but one, the
specific CRISPR type for 8 of the 10 carriers, and no more than two clones per carrier.
Previous typing approaches performed to evaluate GBS diversity in carriage have given
similar results, with more than two-thirds of GBS carriers colonized by a single clone
(same serotype [96%] and the same PFGE profile [86 to 90% in the same sample] with
no more than three clones per carrier [26, 31, 40, 41]). Using RAPD analysis, a higher
genotypic diversity per individual was reported (same genotype for 39% of carriers with
up to four clones per carrier) (32). While the use of broth could explain part of this
diversity, RAPD is now notoriously technically dependent and difficult to reproduce,
which might explain part of this variability. These studies compared only a few selected
isolates on agar plates from vaginal and rectal swabs (5 to 26 isolates) (26, 31, 40, 41).
Our study reinforces previous results on the diversity of GBS carriage with the analysis
of a large number of isolates per sample. Here, we considered all the isolates present
on the agar plates; thus, we analyzed a higher number of colonies per woman (about
100 on average) than did previous studies. To more precisely characterize the genetic
links between isolates, however, the whole-genome approach appears to be suitable.
Although this approach remains expensive for large studies, it could be helpful in
studying clones, especially those from women 8 and 10.

One of the difficulties of our approach was the choice of restriction enzymes
because of the high polymorphism of the spacer sequences. The enzymes selected had
to provide sufficient restriction to separate isolates but not so much as to be detectable.
Here, the two enzymes selected separated the considered CRISPR array into three to six
fragments. However, two restriction sites were located in conserved CRISPR flanking
regions and did not provide supplemental information about locus composition. The
use of two different enzymes improved the discriminatory power of this approach while
remaining useful and affordable.

In routine clinical laboratory practice, bacteriological analyses such as antibiotic
sensitivity testing or typing are often performed on a single or a very small number of
isolates. The isolates selected, however, may not represent the entire population, as
several clones may coexist. For two women studied, two clones coexisted and shared
paired differences in antibiotic susceptibility. Although the two clones remained sus-
ceptible to beta-lactam antibiotics, which are the first-line antibiotics, they had different
susceptibilities to the macrolides and lincosamides tested, which are used as alternative
drugs for patients allergic to penicillin.

Enzymatic restriction makes it possible to perform rapid comparisons of locus
CRISPR compositions for large-scale studies. Applied to CRISPR loci, this is a good
screening method before CRISPR sequencing for comparing isolates and can be used
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to separate isolates belonging to the same ST. Vaginal carriage from pregnant women
is relatively homogenous, with a single clone for 8 of the 10 women and at least two
closely related clones simultaneously. Along with possibly being a source of selection
for resistant strains, cocarriage of GBS clones may contribute to increasing bacterial
virulence by horizontal transfer. Further studies are needed to expand our results to a
larger number of pregnant women. Moreover, long-term follow-up of GBS carriage and
the interaction between different clones or between very close strains is also an
interesting question for understanding the coexistence of bacterial populations in vivo.
Monitoring based on CRISPR array analysis may be a useful tool for deciphering these
interactions.
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